




EXPERIMENTAL PERFORMANCE OF 
SELECTIVE SIMULTANEOUS WATER 
ALTERNATING NITROGEN (SSWAG-N2) 
TECHNIQUE FOR OIL RECOVERY IN 












DOCTOR OF PHILOSOPHY  
(CHEMICAL ENGINEERING) 
 





We hereby declare that we have checked this thesis and, in our opinion, this thesis is 





 (Supervisor’s Signature) 
Full Name  : DR. ZULKEFLI BIN YAACOB 
Position  : PROFESSOR 




 (Co-Supervisor’s Signature) 
Full Name  : DR. ABDURAHMAN NOUR 
Position  : PROFESSOR 






I hereby declare that the work in this thesis is my own except for quotations and 
summaries, which have been duly acknowledged. The thesis has not been accepted for 




 (Student’s Signature) 
Full Name : ABUBAKER HAMZA ALAGORNI 
ID Number : PKC13008 






EXPERIMENTAL PERFORMANCE OF SELECTIVE SIMULTANEOUS WATER 
ALTERNATING NITROGEN (SSWAG-N2) TECHNIQUE FOR OIL RECOVERY IN 









Thesis submitted in fulfilment of the requirements 
for the award of the degree of 





Faculty of Chemical and Process Engineering Technology 









In the name of Allah, the most compassionate and most merciful. I want to express my 
deepest gratitude to Allah Almighty for giving me the opportunity and privilege to be in 
this position in my life. It has been Him from the first day of my life. Peace and 
blessings of Allah be upon the noblest of the prophets and messengers, our prophet 
Mohammed and upon his family, companions and who follows him until the end of the 
world. 
First, I want to thank the Almighty Allah for helping me to complete my study; without 
His guidance and assistance, nothing would have been achieved. 
I would like to express my deep and grateful thanks to my supervisors Professor Dr. 
Zulkefli Bin Yaacob and Professor Dr. Abdurahman Nour, for their continuous 
guidance and encouragements throughout my study. They were modest, patient and 
generous for giving assistance. 
Moreover, I extend thanks to my field supervisor Professor Dr. Radzuan Junin at 
University Technology Malaysia (UTM); for his guidance and consultancy. The 
reservoir laboratory (N10) technicians are also appreciated.  
I would like to express my great thanks to my university for five years’ guidance and 
support. University Malaysia Pahang (UMP) has been a wonderful place with dedicated 
staffs. Special thanks to the academic management and technical staffs in the Faculty of 
Chemical and Process Engineering Technology, as well as the all staff of the Institute of 
Postgraduate Studies (IPS) in UMP. 
I am grateful to those people who supported me during my study, especially my friends, 
parents, wife, kids, brothers, and sisters for their unconditional supports and making 
invocation to Allah.  
Also, I deeply appreciate the Libyan Ministry of Education and Faculty of Technology, 






Penjejakan jari dan ketumpatan tumpuan yang membawa kepada Penembusan Air yang 
awal dan Penembusan Gas yang awal adalah masalah utama yang di temui oleh jurutera 
reserbor minyak semasa pelaksanaan Banjir Air (WF) dan Banjir Gas (GF), secara 
berturutan. Walaupun terdapat teknik yang digunakan untuk meminimumkan masalah-
masalah ini, termasuklah teknik suntikan Gas-Nitrogen Berselang Air (WAG-N2) 
(SSWAG), namun masalah pengasingan gas air ini tetap berlaku. Dalam kajian ini, 
teknik suntikan Gas Berselang Air Serentak secara terpilih diubahsuai dengan 
menyuntik gas nitrogen ke bahagian bawah zon penghasilan minyak  sementara air 
disuntik ke bahagian atas zon penghasil minyak, bagi tujuan memanjangkan jarak  masa 
di dalam reserbor sebelum berlakunya pengasingan air dan gas, untuk menangguhkan 
masa keterobosan air dan gas. Objektif utama kajian ini adalah untuk menyiasat 
kebolehperolehan minyak dari batuan pasir dan batuan karbonat dan menyiasat 
pengaruh keterobosan Air dan Gas pada Faktor Perolehan Minyak (ORF). Kajian ini 
juga menyiasat kebolehperolehan minyak dalam kaedah Perolehan Peningkatan Minyak 
konvensional seperti peroses-peroses WF, GF, WAG dan SSWAG, dan juga 
keterobosan awal  Air dan Gas yang biasanya dikaitkan dengan proses-proses ini. 
Perbandingan terperinci kesan keterobosan awal Air dan keterobosan awal Gas telah di 
capai bagi setiap teknik perolehan minyak di atas bagi batuan pasir dan batuan karbonat.  
Dalam batuan pasir, tiga tekanan suntikan: 2000 psi (137.9 bar), 1500 psi (103 bar), dan 
1000 psi (68.95 bar) telah diuji dan dikaji pengaruh tekanan suntikan untuk 
menangguhkan keterobosan awal air dan dan keterobosan awal gas; dan kesannya, 
dapat memanjangkan jarak masa sebelum pemisahan air dan gas terjadi. Keputusan 
yang dapat disimpulkan dari kajian ini mengesahkan bahawa, apabila menyuntik N2 
dengan air garam menggunakan mod suntikan EOR dalam batuan pasir dan batuan 
karbonat, hasil yang lebih baik untuk perolehan minyak diperolehi dengan 
menggunakan teknik SSWAG-N2 yang diubah suai. Dalam batuan pasir, perolehan 
minyak teknik-teknik  SSWAG diubah suai, SSWAG konvensional, WAG selepas WF, 
dan WAG selepas GF secara berturutan adalah 73.44, 71.95, 71.20, dan 52.42%. Begitu 
juga, dalam batuan karbonat, faktor perolehan minyak mempunyai susunan yang sama 
dengan keputusan berikut: SSWAG diubahsuai (73.72%), SSWAG konvensional 
(70.00%), WAG selepas WF (70.71%), dan WAG selepas GF (57.55%). Hasil 
keputusan Faktor Perolehan  Minyak (ORF,%) di antara batuan pasir dan batuan 
karbonat adalah hampir.  Ini menambahkan lagi kebolehpercayaan kepada hasil yang 
diperolehi di antara kedua batuan tersebut. Masa Keterobosan Gas (GBT) berlaku 
semasa pelaksanaan SSWAG diubah suai adalah pada 39 min dan bukannya 28 min jika 
dibandingkan dengan SSWAG konvensional dalam batu pasir. Begitu juga, GBT 
berlaku pada 35 minit dalam SSWAG diubah suai berbanding SSWAG konvensional 
(21 min) dalam batuan karbonat.  Semasa pelaksanaan  ketiga-tiga tekanan suntikan 
yang berbeza, yang digunakan pada batuan pasir  menggunakan teknik SSWAG yang 
diubahsuai, hasil yang lebih baik diperolehi apabila menggunakan tekanan suntikan 
2000 psi dan diikuti oleh tekanan 1000 psi; sedangkan, faktor perolehan yang paling 





Although there were techniques such as Water Alternating Gas-Nitrogen (WAG-N2) to 
minimize the problems of viscous fingering and density tonging; however, water gas 
segregation problem occurred. Water gas segregation leads to early Water Breakthrough 
and Gas Breakthrough. In this study, a technique of selective simultaneous water 
alternating gas (SSWAG-N2) was modified by injecting nitrogen gas at the lower part 
while water was injected at the higher part of the oil-producing zone. This technique 
was implemented to prolong the distance in the reservoir before water and gas 
segregation occurs; to delay water and gas breakthroughs. The main objective of this 
study was to investigate the effect of the modified SSWAG-N2 on the recoverability of 
sandstone and carbonate sand packs and the influence of Water and Gas Breakthroughs 
on the Oil Recovery Factor (ORF). This study also investigated the recoverability in 
conventional Enhanced Oil Recovery methods such as WF, GF, WAG, SSWAG 
process, and the early Water and Gas Breakthrough that usually associate these 
processes in order to compare them with the modified SSWAG-N2. A detailed 
comparison between the results of sandstone and carbonate sand packs has been 
achieved to investigate the effect of early water and gas breakthroughs on oil recovery 
of each method. In sandstone sand packs, three injection pressures: 2000 psi (137.9 bar), 
1500 psi (103 bar), and 1000 psi (68.95 bar) were examined by studying the influence 
of injection pressure on delaying the water and gas breakthroughs; and consequently, 
prolong the distance before gas-water segregation. The better ORF inferred from this 
study when injecting N2 with brine using EOR injecting modes in sandstone and 
carbonate sand packs, was obtained when applying modified SSWAG-N2. In sandstone, 
the recoveries of the modified SSWAGN2 and conventional SSWAGN2, were 73.44, 
71.95 respectively. Similarly, in carbonate, the recovery factor had the same 
arrangement with the following results: Modified SSWAG (73.72%), and conventional 
SSWAG (70.00%). The results of Oil Recovery Factor (ORF, %) in sandstone and 
carbonate sand pack cores were close. This added more reliability to the obtained 
results. Gas breakthrough (GBT) occurred at 39 min after implementation of the 
modified SSWAG; however, it occurred after 28 min in the conventional SSWAG in 
sandstone sand packs. Similarly, in carbonate sand packs, GBT occurred after 35 min in 
modified SSWAG compared with conventional SSWAG (21 min). During the 
implementation of the three different injection pressures, which were applied on 
sandstone sand packs using modified SSWAG technique, the better result of recovery 
was obtained when applying the injection pressure of 2000 psi and then followed by 
1000 psi; whereas, the lowest recovery factor was when applying the injection pressure 
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